debate (Xu and others, 2001; Xiao and others, 2004; Wang and others, 2007; Fan and others, 2008; Hou and others, 2011; Shellnutt and Jahn, 2011) . The basalt formations range in thickness from 1.0 to 5.0 km in the western part and 0.2 to 2.6 km in the eastern part of the ELIP. A mantle-plume is believed to be the cause of the geological features of the ELIP, such as the extensive flood basalts, ultramafic lavas, short eruptive duration (Յ3 Ma), structural doming and lower crustal seismic velocity layers (Zhou and others, 2002; Xu and others, 2004; Ali and others, 2005; He and others, 2007) . Furthermore, it is suggested that the emplacement of the Emeishan mafic magmas into carbonate rocks may have contributed to the decline of biota during the endGuadaloupian mass extinction (Ganino and Arndt, 2009 ). Emeishan LIP volcanism was likely short lived, but it is possible that underplated mafic rocks may have served as a source for mafic and felsic magmas for an additional 20 million years or so (Xu and others, 2008; others, 2008, 2011a) .
The Panxi region, between the cities of Panzhihua and Xi Chang, of southern Sichuan province is an important area within the ELIP because plutonic and hypabyssal rocks are exposed including the Baima, Hongge, Panzhihua, Taihe and Xinjie mafic-ultramafic intrusions that host world-class orthomagmatic Fe-Ti-V oxide deposits. There are also numerous spatially and temporally associated granitic plutons, which range in composition from peraluminous to metaluminous to peralkaline (Shellnutt and Zhou, 2007; Shellnutt and others, 2011b) . The Panzhihua, Baima and Taihe gabbros are chemically evolved and spatially associated with peralkaline granitic rocks, whereas the Hongge and Xinjie intrusions are predominantly ultramafic (for example, pyroxenite) suggesting that there are petrogenetic differences between the two types of intrusions (Zhang and others, 2009; Tao and others, 2010) .
The Taihe layered gabbroic intrusion is located to the west of the city of Xi Chang and is ovoid in shape ( fig. 2) . The intrusion has been described by Yao and others (1993) to consist of three silicate-rich zones and oxide-ores. The lower and middle gabbros consist of variable proportions of clinopyroxene (45-55 vol.%), plagioclase (15-25 vol.%), olivine (5-15 vol.%) and magnetite (10-15 vol.%). The middle gabbro zone contains the oxide ores which contain nearly 100 percent magnetite. The upper gabbro zone consists mostly of plagioclase (50-65 vol.%), clinopyroxene (20-25 vol.%), magnetite (5-10 vol.%) and apatite and hornblende (3-6 vol.%) (Zhong and others, 2011) . Samples for geochemical analysis were collected at two sites within the Taihe open pit mine. The first group of samples (GS04-159 to Ϫ168) was collected from the central portion of the open pit, whereas the second group of samples (GS04-169 to Ϫ174) was collected ϳ100 meters to the east. Sample TH-1 was collected within the same area as the first group of samples. To the west of the gabbroic intrusion is the Taihe peralkaline granite, which is exposed in a series of quarries in the surrounding highland. The highland forms a catchment basin for a tributary of the An Ning River. The peralkaline granite is dated at 261 Ϯ 2 Ma and is considered to be fault-bound with basalts and the gabbroic intrusion (Wang and others, 1993; Xu and others, 2008) . The pluton contains several centimeter-sized mircogranular enclaves (Shellnutt and others, 2010) .
petrography of the taihe rocks
The Taihe granites are coarse-grained and consist of perthitic alkali feldspar, quartz and amphibole with accessory titanite, aenigmatite, apatite, fluorite, ilmenite, Ce-monazite and aegirine. Alkali feldspar is euhedral to subhedral with fine, linear exsolution lamellae. The crystals are typically 1 to 2 cm in length and comprise ϳ65 to 70 volume percent of bulk mineralogy. Quartz is Յ0.2 cm in size and subhedral and interstitial to the feldspars, comprising 20 to 25 volume percent of the mode. Amphiboles, predominantly ferrorichterite, are subhedral and interstitial to the feldspars and contain apatite inclusions. Some amphiboles are partially altered to reibeckite/arfvedsonite and have a translucent red-brown mineral. Small quantities (Ͻ1%) of subhedral aegirine, zircon, aenigmatite, Mn-rich ilmenite, apatite, Cemonazite and fluorite are also present (Shellnutt and Iizuka, 2011) .
The enclaves consist primarily of alkali feldspar, quartz and the sodic-calcic amphibole ferrorichterite. Alkali feldspar comprises ϳ70 volume percent of the mode and is typically medium-to fine-grained, euhedral to subhedral with perthitic exsolution lamellae. Although crystals are generally inclusion-free, a few larger crystals contain inclusions of amphibole. The amphiboles are fine-to medium-grained with subhedral to anhedral shapes and interstitial to the alkali feldspar. Quartz varies considerably in abundance from Ͻ5 volume percent to 20 volume percent of the mode and is medium-to fine-grained and interstitial to the alkali feldspars and amphiboles. The crystals are typically subhedral to anhedral. The only accessory mineral observed was apatite. In at least one case, there was a distinct texture of fine-grained, acicular amphibole within a very fine matrix of alkali feldspar.
The gabbros consist of coarse-grained cumulus olivine, plagioclase, clinopyroxene and interstitial oxide and sulphide minerals. Olivine is commonly equant with rounded edges and typically a few millimeters in size (Ն2 mm). Some olivine is altered to serpentine. Plagioclase is typically euhedral to anhedral and Յ5 mm in size. Most crystals are tabular and have some saussuritic alteration. Rims of brown hornblende or biotite are common around the plagioclase when in contact with oxide minerals. Clinopyroxene crystals are similar in size and shape to the olivine crystals and have oxide exsolution lamellae ( fig. 3A ). Magnetite displays oxidation exsolution lamella of ilmenite and spinel (chromite and pleonaste) with minor amounts of sulphide mineral inclusions and is interstitial to the silicate minerals (figs. 3B and 3C). The mineral modes of the rocks are variable but generally olivine is Յ10 percent, plagioclase is between 45 percent and 55 percent, clinopyroxene is between 20 and 35 percent and oxide minerals are Յ10 percent in the silicate-rich samples. The Fe-Ti oxide ores contain Յ10 percent silicate minerals and Ն90 percent spinel minerals and ilmenite.
methods

Electron Microprobe Analysis
Mineralogical investigation of sample GS04-174 was carried out by a field emission electronprobe microanalyzer (FE-EPMA: JEOL JXA-8500F) equipped with five wavelength dispersive spectrometers (WDS) at the Institute of Earth Sciences, Academia Sinica in Taipei. Secondary-and back scattered electron images were used to guide the analysis on target positions of minerals. A 2 m defocused beam was operated for quantitative analysis at an acceleration voltage of 12 kV with a beam current of 5nA. The measured X-ray intensities were corrected by the ZAF method using the standard calibration of synthetic chemical-known standard minerals with various diffracting crystals, as follows; wollastonite for Si with TAP crystal and Ca with PET crystal, rutile for Ti (PET), corundum for Al (TAP), chromium oxide for Cr (PET), fayalite for Fe with LiF crystal, tephroite for Mn (PET), pyrope for Mg (TAP), albite for Na (TAP), adularia for K (PET), apatite for P (PET), sodalite for Cl (PET) and fluorite for F (TAP). Peak counting times for the upper and lower baselines of each element were 10 sec and 5 sec, respectively.
Zircon U-Pb Geochronology
Zircon U-Pb isotopic analyses were preformed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at National Taiwan University in Taipei. The full set-up and methods are described by Chiu and others (2009) . The laser ablation was preformed using a He carrier gas to improve material transport efficiency. The beam spot size was between 30 and 50 m and had a repetition rate of 4 and 5 Hz. Standard blanks were measured for ϳ1 minute and calibration was performed using GJ-1 zircon standard, Harvard reference zircon 91500 and Australian Mud Tank carbonitite zircon. Data processing was completed using GLITTER 4.0 for the U-Th-Pb isotope ratios and common lead. Isoplot v. 3.0 was used to plot the Concordia diagram and to calculate the weighted mean U-Pb age (Ludwig, 2003) . The results are shown in table 1.
Zircon Hf Isotopes
In situ zircon Hf isotope analyses were carried out using a New Wave UP 213 laser-ablation microprobe, attached to a Nu Plasma multi-collector ICP-MS, at the Institute of Earth Sciences, Academia Sinica in Taipei. Instrumental conditions and data acquisition are similar to Griffin and others (2000) . The Nu Plasma MC-ICP-MS features a unique geometry with a fixed detector array of 12 Faraday cups and 3 ion counters. For this study, masses 172, 175, 176, 177, 178, 179 Hf ratios. In the method of Griffin and others (2000) it is assumed that fHf ϭ fYb ϭ fLu (f is he mass fractionation coefficient) and the mass bias obtained for Hf is also applied to the Yb and Lu mass bias correction. With this approach, usually only one Yb isotope is measured ( 172 Yb in this study). Griffin and others (2000) Hf Յ 0.002; Belousova and others, 2002; Griffin and others, 2004; Griffin and others, 2006a) Hf is 6 -8 ϫ 10
Ϫ6
. The New Wave UP 213 laser system delivers a beam of 213 nm UV light from a frequency-quintupled (5th harmonic) Nd: YAG laser. Most analyses were carried out with a beam diameter of 55 m, 5 Hz repetition rate, and energies of ϳ0.4 mJ/pulse. This resulted in total Hf signals of 1-2.5 ϫ 10 Ϫ11 A, depending on the precise conditions and Hf contents. Typical ablation times were 80 to 120 seconds. The He carrier gas transported the ablated sample from the laser-ablation cell via a mixing chamber where it was mixed with Ar prior to entering the ICP-MS torch. Flux rates for He were about 1 L/min and 0.7 L/min respectively. Laser-ablation analyses were carried out using time-resolved analysis software, in which the signal for each mass and ratio is displayed as a function of time during the analysis. This allows the more stable portions of the ablation to be selected for analysis, before the data are processed to yield the final results. Background noise was collected for 30 seconds before ablation began. Typical within-run precision (2) on the analysis of 176 Hf/ 177 Hf is Ϯ0.000030, equivalent to an uncertainty of ϳ1 epsilon unit.
To evaluate the accuracy and precision of the laser-ablation results, we have repeatedly analyzed two zircon standards, Mud Tank and 91500, both described by Woodhead and Hergt (2005) , Griffin and others (2006b) , and Weidenbeck and others (1995), respectively. Our long-term result of Mud Tank zircon, yielding 0.282518 Ϯ 48 (2; n ϭ 65), is consistent with the reported value of 0.282522 Ϯ 42 (2; n ϭ 2335) by Griffin and others (2006b) and also similar to the values given by Woodhead and Hergt (2005) for solution analysis (0.282507 Ϯ 6; n ϭ 5) and LA-MC-ICP-MS analysis (0.282504 Ϯ 44; n ϭ 158). Our result for 91500 is 0.282319 Ϯ 94 (2; n ϭ 28) and within the range of the reported values from the literature, although showing a greater spread. Griffin and others (2006b) pointed out that 91500 shows isotopic heterogeneity.
The εHf (T) 
X-ray Fluorescence Spectrometry
The rock samples were pulverized in an agate mill and the major oxide concentrations were determined on fused glass discs by WD-XRFS using a Philips PW2400 spectrometer at The University of Hong Kong. The accuracy of the XRF analyses are estimated to be Ϯ2 percent for major oxides that are present in concentrations Ͼ0.5 percent (table 2). Standard reference materials for the major elements were BHVO-2 (basalt), JGB-2 (gabbro) and GSR-1 (granite).
ICP-MS Trace Element Geochemistry
All trace elements were analyzed using a VG Elemental Plasma-Quad Excell inductively coupled plasma mass spectrometry (ICP-MS) at The University of Hong Kong. Sample powders were digested following the technique of Qi and others (2000) . For trace element analysis, the standard reference materials were AMH-1 (Mount Hood andesite), GBPG-1 (garnet-biotite plagiogneiss) and OU-6 (Prerhyn slate) (Thompson and others, 1999; others, 2000, 2001) . The precision for the trace element results are better than Ϯ5 percent (table 2).
TIMS Rb-Sr and Sm-Nd Isotopic Analyses
Approximately 75 to 100 mg of whole-rock powder was dissolved using a mixture of HF-HClO 4 in a Teflon beaker at ϳ100°C. In many cases, the same procedures were repeated to ensure the total dissolution of the sample. Strontium and REEs were separated using polyethylene columns with a 5 ml resin bed of AG 50W-X8, 200 to 400 mesh. Neodymium was separated from other REEs using polyethylene columns with a Ln resin as a cation exchange medium. Strontium was loaded on a single Ta Sun and McDoungh (1989) 
Mineral Chemistry
Olivine crystals have forsterite (Fo) percentages between 75 to 76 (table 4) and are similar to the olivine from the marginal and lower zones of the Panzhihua intrusion (Fo 82Ϫ71 ) and the upper oxide zone of the Baima gabbro (Fo 76Ϫ72 ) (Pang and others, 2009 ). The Fo values indicate a minimum parental magma Mg# of 49 (Roeder and Emslie, 1970) . Individual crystals are commonly reversely zoned with higher Mg rims, probably reflecting sub-solidus cation exchange with the surrounding oxide minerals. The plagioclase compositions in GS04-174 range from An 84 to An 70 (table 5) . The clinopyroxene crystals are diopside-augite and have a compositional range of Wo 49Ϫ50 En 42Ϫ40 Fs 11Ϫ8 . The TiO 2 concentration varies between 1.8 and 2.0 weight percent (table 6) . There is substantial oxidation-exsolution of the oxide minerals so the magnetite analyses are nearly pure end-member compositions with TiO 2 Ͻ 0.3 weight percent. There are also oxidation-exsolution lamellae of spinel (chromite and pleonaste) within the magnetite. The ilmenite lamellae have low MgO (Ͻ0.1wt%) and fig. 4) . Two zircon grains produced ages of ϳ2500 Ma indicating either sample contamination or that they are xenocrysts from the Yangtze cratonic basement (table 1). The zircons were analyzed for their Hf isotope compositions at the same locations as their U-Pb ages. A total of 14 spot analyses from sample TH-1 produced a range of I Hf (0.282755 to 0.282944) and εHf (T) (ϩ4.6 to ϩ11.3) values. The weighted average εHf (T) value is ϩ8.1 Ϯ 0.8. 
in the Panxi region of the Permian Emeishan large igneous province, SW China
Whole-Rock Geochemistry Sixteen samples from two sites of the cumulate layered gabbro were collected from the operating open pit mine at Taihe. Twelve of the samples are gabbros while four are magnetite-rich gabbros. All samples have low (Ͻ2.1 wt%) loss on ignition (LOI) suggesting that there was limited deuteric alteration of the samples (table 2) . Although the samples have similar major element chemistry, the gabbros from the eastern locality have higher Mg# (Mg# ϭ 48 to 63) than those in the western locality (Mg# ϭ 37 to 47). The differences in Mg# are attributed to the amount of oxide minerals, as the Fe 2 O 3 t and TiO 2 contents are higher in the west (Fe 2 O 3 t ϭ 11.9 to 14.4 wt%; TiO 2 ϭ 2.7 to 2.9 wt%) than in the east (Fe 2 O 3 t ϭ 6.3 to 11.8 wt%; TiO 2 ϭ 1.3 to 2.6 wt%). The whole-rock compositions are directly related to the ratio of silicate minerals to oxide minerals. For example, the samples in the western locality have lower Table 7 EPMA analyses of the ilmenite from the Taihe layered gabbroic rocks Table 7 (continued) Table 8 (continued) Cr (32-19040 ppm) , and Sr (586-1678 ppm) and low concentrations of Rb (Ͻ33 ppm), Zr (Ͻ60 ppm) and Nb (Ͻ11.1 ppm). Sample TH-1 contains substantially higher Cr, Ni, V and Cu than the other ore samples. The higher refractory elements are probably related to the concentration of chromite lamellae ( fig. 3) cogenetic link between the gabbroic and granitic rocks
The 264 Ϯ 3 Ma zircon U-Pb LA-ICP-MS age of the Taihe gabbro is similar to other plutonic and hypabyssal rocks of the ELIP (Zhou and others, 2005; Shellnutt and Zhou, 2007; Shellnutt and others, 2008 Shellnutt and others, , 2009a Shellnutt and others, , 2011a Xu and others, 2008; Zhong and others, 2011) . The age of the gabbro obtained in this studied is within error of the neighboring Taihe (261 Ϯ 2 Ma) peralkaline granite and the age (259 Ϯ 2 Ma) reported by Zhong and others (2011) . High precision zircon U-Pb TIMS dates of other granitic and mafic rocks of the Panxi region suggest the main period of magmatism was at ϳ260 Ma and probably did not extend beyond ϳ257 Ma (Shellnutt and others, Shellnutt and Zhou, 2007; others, 2009a, 2010; 2011a). The Taihe gabbro is the third example of a spatially and temporally associated, Fe-Ti-oxide bearing layered gabbro intrusion and a peralkaline granitic pluton in the Panxi region and implies that a common or identical process is responsible.
Some major element trends show a compositional evolution from the cumulate gabbros to the granites. However, there is a distinct SiO 2 gap between the gabbro and the most primitive enclave composition ( fig. 5 ), which ranges from ϳ46.5 weight percent to ϳ63 weight percent. The compositional gap may be related to the Shellnutt and Zhou, 2007; Shellnutt and others, 2009a . PM ϭ Primitive mantle and OIB ϭ ocean-island basalt from Sun and McDonough (1989) and UC ϭ upper crust and LC ϭ lower crust from Rudnick and Gao (2003) . Sun and McDonough (1989) . Additional data from Shellnutt and Zhou (2007) , others (2009a, 2010) and . Sun and McDonough (1989) . Additional data from Shellnutt and Zhou (2007) , others (2009a, 2010) and .
formation of the Fe-Ti oxide ore deposit (Shellnutt and others, 2009a; Natali and others, 2011) .
The primitive mantle-normalized incompatible element patterns of the gabbros and felsic rocks are antithetical ( fig. 7A ). Uranium to Ce and Nd to Sm show low abundances in the gabbro and high in the granites, whereas Ba, Ti and Sr are enriched in the gabbro, and depleted in the granites. The chrondrite-normalized REE patterns also show the same relationship with respect to the Eu-anomalies (fig. 8A) . The reciprocal Eu-anomalies in the gabbros and granites likely reflect the accumulation and fractionation of plagioclase. The low Sr (Յ80 ppm) and Eu/Eu* (Eu/Eu* ϭ 0.2 to 0.6) values of the granites and enclaves indicate that a significant amount of plagioclase fractionated from the parental magma.
The εNd (T) isotopic values (εNd (T) ϭ ϩ2.5 to ϩ3.3) of the Taihe gabbros are slightly higher than the whole-rock εNd (T) values of the granites and enclaves of the Taihe pluton (εNd (T) ϭ ϩ1.0 to ϩ2.0) but some are within the expected error range (for example, εNd (T) Ϯ 0.5) suggesting that they may have originated from a similar mantle source and possibly the same parental magma (Shellnutt and Zhou, 2007; others, 2009b, 2010) . The zircon εHf (T) values of the gabbro (εHf (T) ϭ 8.1 Ϯ 0.8) are indistinguishable from those of the granites (εHf (T) ϭ 9.2 Ϯ 1.0) and provide support of a cogenetic relationship (Xu and others, 2008; Shellnutt and others, 2009b; Zhong and others, 2011, fig. 9 ). The slightly lower εNd (T) isotopic values from the granitic rocks suggest that there may have been some crustal assimilation within the magma system. The isotopic data fall along the mantle array and indicate that the magma source was likely derived from mixing between depleted mantle and at least one other component to produce a "mixed" isotopic signature. It is not certain whether the other component is, for example, crustal contamination or whether a subducted component (for example, GLOSS) within the source (for example, OIBlike source) is the explanation of the isotopic data (Chauvel and others, 2008) . Some trace element ratios (for example, Th/Nb PM and Nb/U), are sensitive to crustal assimilation and do not indicate that the crust was a major contributor to either the gabbros or granites (Th/Nb PM of the crust ϭ 6.9 crust; Th/Nb PM ϭ of the Taihe rocks Ͻ 3; Nb/U crust ϭ 9.7; average Nb/U gabbros ϭ 33.9; average Nb/U enclaves ϭ 34; average Nb/U granites ϭ 24.6) (Campbell, 2002) . Therefore we suggest that the zircon εHf (T) values and the higher εNd (T) values (for example, εNd (T) Ͼ ϩ1.5) are probably indicative of the mantle source composition of the parental magma (see fig. 6F ).
geochemical modeling Shellnutt and others (2009a) and have shown previously that the Baima and Panzhihua cumulate, Fe-Ti oxide-bearing gabbroic intrusions and silica-saturated peralkaline granitoids were likely formed by fractional crystallization of a common parental magma, which resembles high-Ti Emeishan flood basalts. The textural and compositional similarity of the Taihe gabbros and granites with the rocks of Baima and Panzhihua complexes suggests that the fractionation model may also be applicable. We test this hypothesis below.
Major Element Mass Balance
The compositions of olivine, clinopyroxene, plagioclase, magnetite and ilmenite from the Taihe gabbro (GS04-174) are used to determine if the composition of the Taihe granitic rocks can be reproduced from a parental magma equal to Emeishan basalt. The compositions of spinel (pleonaste) and apatite from the Panzhihua layered gabbro are used as proxies for these minerals in the Taihe gabbro (Pang and others, 2008a (Pang and others, , 2008b (Pang and others, , 2009 ). Since there are no known chilled margin compositions available, we use a parental magma composition, similar to sample SE-21 of Song and others (Shellnutt and Zhou, 2007; others, 2009a, 2010; Zhang and others, 2009; . The isotopic data of the Emeishan basalts compiled from Xu and others (2001) , others (2003, 2004) , others (2004, 2008) , Wang and others (2007) , Fan and others (2008) , Qi and others (2008) , , Shellnutt and others (2008) . (B) Zircon εHf (T) values versus whole-rock εNd (T) values from the Taihe gabbro and granites and the Baima syenites and metaluminous Woshui syenite. The white circle is data reported by Zhong and others (2011) for the Taihe gabbro. The εNd (T) -εHf (T) field for ocean-island basalts from Vervoort and Blichert-Toft (1999) and Kempton and others (2000) . Additional data from Shellnutt and Zhou (2007) and others (2009a, 2009b) . (2001), to calculate the proportion of cumulate minerals required to produce the granite composition. Table 9 shows the results of the mass balance calculations. If 8.5 percent olivine (Fo 76 ), 28.2 percent clinopyroxene (Wo 49 En 41 Fs 10 ), 21.5 percent plagioclase (An 70 ), 3.8 percent ilmenite, 5.6 percent magnetite, 0.7 percent apatite and 0.1 percent spinel in mass units totaling ϳ68 percent of the starting composition are removed from the assumed parental magma composition, then the residual composition is very similar to the average composition of the Taihe granites (table 9). The modeled modal values of the cumulate minerals are similar to the bulk content reported by Yao and others (1993) . This method is semi-quantitative because the crystallizing minerals would not have constant compositions. The results do not provide definitive evidence for a comagmatic origin but suggest that the Taihe layered gabbroic unit could represent ϳ68 percent of the total parental magma composition.
MELTS Modeling
The thermodynamic evolution of the mafic and felsic rocks can be modeled using the program MELTS (Ghiorso and Sack, 1995; Smith and Asimow, 2005) . We take a similar parental magma composition (that is sample SE-21 with K 2 O ϭ 1.4 wt% instead of 1.0 wt%) for the mass balance calculations and apply MELTS. With conditions of f O 2 ϭ FMQ Ϫ 1, starting temperature of 1300°C, H 2 O ϭ 0.50 weight percent, and pressure of 600 bars (ϳ2 km) we demonstrate that reasonable estimates of the observed rock compositions can be generated. Figure 10 compares the results from the MELTS model with the observed data of the enclaves and granites normalized to 100 percent. The enclave compositions are not interpreted to represent liquid compositions, and therefore they are not expected to fall along the model trend lines (Shellnutt and others, 2010) . The Taihe granitic compositions can be modeled with respect to Al 2 O 3 , TiO 2 , FeOt, Na 2 OϩK 2 O and MgO, whereas CaO and P 2 O 5 are somewhat problematic as the model curves tend to be too high. The problems with Ca and P are likely due to a combination of apatite, fluorite, titanite and Ce-monazite crystallization (Shellnutt and Iizuka, 2011) . These minerals are present within the granite, albeit in low quantities. However, MELTS cannot model the fractionation of fluorite and monazite, and thus it is a possible explanation for the discrepancy between the observed data and the modeled trends. Furthermore, the crystallization of fluorite can promote alkali enrichment within a felsic magma and therefore the modeled compositional evolution lines may be low (Bailey, D. K., 1974; Bailey, J. C., 1977; Harris and Marriner, 1980) . The model predicts early crystallization of olivine (Fo 81 ) at 1200°C followed by clinopyroxene (Wo 44 En 43 Fs 13 ) at 1145°C and plagioclase (An 65 ) at 1105°C. The crystallization of Fe-rich spinel (that is magnetite series spinel) begins when the temperature reaches ϳ1090°C and represents one third of the total mineral assemblage crystallizing at that point. As the temperature drops to 1055°C, ϳ63 percent of total oxides that will crystallize in the entire system have formed and the residual liquid SiO 2 content in the model increases rapidly from 53.0 weight percent to 60.0 weight percent. The proportion of spinel crystallizing drops continuously until 870°C, at which point it no longer crystallizes. The residual liquid composition continues to evolve and reaches compositions similar to the most primitive enclave as the temperature drops to 1005°C is followed by granitic compositions between 935°C to 885°C.
Trace Element Modeling
Selected trace elements were used to model the possible chemical evolution of the Taihe gabbro-granite complex. Barium, Sr, Ni, Co, Nb and Ta were chosen because they are primarily controlled by major minerals (for example plagioclase, alkali feldspar, olivine, titanite) within each rock type and their partition coefficients are Table 9 Mass-balance calculation for the Taihe gabbro-granite complex reasonably well constrained. Since the parental magma trace element composition is unknown, we chose values that are representative of Emeishan "high-Ti" basalts and sample SE-21. We assumed a starting composition with Ba ϭ 475 ppm; Sr ϭ 550 ppm; Ni ϭ 115 ppm; Co ϭ 54 ppm, Nb ϭ 24 ppm; Ta ϭ 1.6 ppm. We subdivided the Taihe layered gabbro into four groups, which are similar to the subgroups described by Yao and others (1993) although we treat the ores as a separate group. The lower group is the most primitive group and contains the most olivine (25% olivine, 40% clinopyroxene, 20% plagioclase, 15% magnetite). The ore group is assumed to represent the bulk Shellnutt and Zhou (2007) , others (2009a, 2010) and of the oxide deposit and consists mostly of magnetite (5% olivine, 5% clinopyroxene, 5% plagioclase, 85% magnetite). The two remaining groups are gabbroic in composition. However they have more plagioclase and clinopyroxene and less olivine than the lower group (Middle group ϭ 5% olivine, 25% clinopyroxene, 65% plagioclase, 5% magnetite; Upper group ϭ 20% clinopyroxene, 80% plagioclase). Based on the above subdivisions, the bulk mineral content (olivine ϭ 11%, clinopyroxene ϭ 26%, plagioclase ϭ 46%, magnetite ϭ 18%) are similar to the mineral modes described by Yao and others (1993) and Zhong and others (2011) .
We calculated the bulk partition coefficients of Ba, Sr, Ni, Co, Nb and Ta using the mineral modes for each group and published mineral/melt partition coefficients (table 10). The modeling results can reproduce the observed compositional trends form the parental mafic magma to the enclaves and granites. Figure 11A shows the melt evolution path of Ba and Sr. The fractionation of the lower group and ore assemblages (oxide-rich assemblages) increase the amount of Ba and Sr in the melt, whereas the fractionation of the middle and upper groups (silicate-rich assemblages) show enrichment of Ba and depletion of Sr. As the most primitive enclave compositions are reached, Ni and Co become depleted ( fig. 11B ) and Nb and Ta and become enriched ( fig. 11B ). When Ni and Co are nearly exhausted, the melt composition is similar to the observed enclave composition at ϳ72 percent crystallization. Because Ni and Co are almost exhausted and compositions similar to the enclaves are reached, the fractionating mineral assemblage must change to reflect the new bulk composition. Fractionation of alkali feldspar with quartz, amphibole and a minor amount of titanite can explain the trend from 28 percent to 0 percent liquid ( fig. 11 ).
a triumvirate of gabbro-granite complexes
The presence of at least three, independent, gabbro-granitoid complexes within ϳ200 km of each other is a rare phenomenon. It suggests that the formation of this type of magmatic system was common within the Panxi area and possibly the entire ELIP. Previous studies on the Baima and Panzhihua complexes described a model of shallow level (that is ϳ1 kbar) fractionation of "high-Ti" basalt (Shellnutt and others, 2009a; . The basalt distinction is important because the "high-and low-Ti" Emeishan flood basalts reflect the propensity for certain types of metal deposits (high-Ti basalt ϭ Fe-Ti deposits; low-Ti ϭ sulphide deposits; Wang and others, 2007; Zhou and others, 2008) .
In all three cases, the geochemical evidence indicates that there is a genetic link between the layered gabbroic intrusion and the spatially and temporally associated intermediate and felsic rocks. Trace element pairs, reciprocal primitive mantlenormalized incompatible element patterns and reciprocal Eu/Eu* values indicate the accumulation of olivine, plagioclase, clinopyroxene and magnetite, which could generate residual liquids depleted in Ni, Co, Sc, Cr, Ti, Ba, Sr and Eu and enriched in Rb, Th, U, Nb, Ta, REEs (except Eu), Zr, Hf, Y.
It is inferred from the εNd (T) , zircon εHf (T) , and I Sr values that the magma source characteristics of the gabbro-granitoid complexes are very similar. The εNd (T) values of clinopyroxenes (εNd (T) ϭ ϩ1.1 to ϩ3.2) from the Panzhihua gabbros overlap with the whole-rock εNd (T) values of the Baima (εNd (T) ϭ ϩ1.6 to ϩ4.2) and Taihe gabbros (εNd (T) ϭ ϩ2.5 to ϩ3.3) and granitoids (Panzhihua εNd (T) ϭ ϩ2.2 to ϩ2.9; Baima εNd (T) ϭ ϩ2.5 to ϩ3.2; Taihe εNd (T) ϭ ϩ1.0 to ϩ2.0) suggesting that they originated from the same source ( fig. 9A ; others, 2009a, 2010; Zhang and others, 2009 ). The available zircon εHf (T) values from the Baima syenite (εHf (T) ϭ 8.7 Ϯ 0.4), Taihe granite εHf (T) ϭ 9.2 Ϯ 1.0) and gabbro (εHf (T) ϭ 8.1 Ϯ 0.8) and the temporally related Woshui syenite (εHf (T) ϭ 8.6 Ϯ 0.2) are within the same range ( fig. 9B ; Shellnutt and others, 2009b; Zhong and others, 2011) . The I Sr values of the peralkaline rocks are a little more difficult to interpret because they are very low (Ͻ0.700), which clinipyroxene (px), and magnetite (mt) for the Lower ϭ 25% ol, 20% pl, 40% px, 15% mt; Ore ϭ 5% ol, 5% pl, 5% px, 85% mt; Middle ϭ 5% ol, 65% pl, 25% px, 5% mt;
Upper ϭ 0% ol, 80% pl, 20% px, 0% mt. Percentages of alkali feldspar (alk), titanite (tn), amphibole (amp), and quartz (qz) for the granite ϭ 72% alk, 3% tn, 15% amp, 10% qz. Mineral melt partition coefficients taken from Leeman and Scheidegger (1977) , Matsui and others (1977) , Villemant and others (1981) , Mahood and Hildreth (1983) , Green and Pearson (1987) , Nielsen (1992) , Hart and Dunn (1993) , Rollinson (1993) , Ewart and Griffin (1994) , Hauri and others (1994) , and Marks and others (2004) . Literature value is the calculated bulk distribution coefficient using published partition coefficients and mineral modes. The Bulk D value is the value calculated from the fractionation model. The mineral and whole-rock compositions of the Panzhihua and Taihe granites are very similar but differ from those of the Baima syenites (Shellnutt and Iizuka, 2011) . The same may be true for the layered gabbroic rocks. Overall, the Baima gabbro appears to contain more olivine and has higher bulk MgO when compared to the gabbroic rocks of the Panzhihua and Taihe complexes. The mineralogy of the granitic rocks indicates that the relative oxidation states of the granitic plutons was likely different. The Baima syenites contain quartz, titanite, magnetite and Mg-rich ferrorichterite, which indicates f O 2 ϭ FMQ Ն 0 (Wones, 1989) . In comparison, the Panzhihua and Taihe granites contain Fe-rich ferrorichterite and aenigmatite, which are indicative of reducing conditions (f O 2 ϭ FMQ Ͻ 0). The MELTS modeling results for the three gabbro-granitoid complexes is consistent with the granitoid mineralogy in the sense that the Baima model has the best results with f O 2 ϭ FMQ Ն 0 and the Panzhihua and Taihe models with f O 2 ϭ FMQ Ϫ 1. In addition to the magma oxidation state, it is likely that the parental magmas were different as well (table 2) . The parental magma of the Baima complex is assumed to be similar to sample EM-81 of Xu and others (2001) , whereas the parental magmas of the Panzhihua and Taihe complexes are thought to be similar to GS03-003 and SE-21 (Song and others, 2001; Shellnutt and others, 2009a; . Sample EM-81 has lower SiO 2 (ϳ44.5 wt%), MgO (6.9 wt%), total alkalies (ϳ3.5 wt%) and higher TiO 2 (ϳ3.5 wt%), Fe 2 O 3 t (ϳ16.4 wt%), Al 2 O 3 (13.8 wt%) and CaO (ϳ10.15 wt%) than SE-21 and GS01-003 (table 2). The combination of the relative magmatic oxidation state and the parental composition are the likely reasons why the Baima complex formed syenites rather than granites.
The relative emplacement depth is difficult to estimate for the Baima and Taihe plutons because the geological relationships do not indicate how close to the surface they intruded. In contrast to the Baima and Taihe complexes, the Panzhihua granitic pluton intruded subaerial Emeishan basalts and likely served as a magma reservoir for compositionally similar trachytes indicating a shallow emplacement depth . Based on the geological relationships of the Panzhihua granite, the inferred depth of emplacement for the other complexes is also likely to be shallow (Յ1 kbar) (Pang and others, 2010) .
The MELTS temperature range for the peralkaline plutons are within the expected temperature range of some A-type granitic rocks (870°C to 950°C) and the results of zirconium saturation thermometry (T Zr (°C)) estimates (Clemens and others, 1986; Creaser and others, 1991; White and others, 2005; Shellnutt and Iizuka, 2011) . The Baima syenites have a slightly lower average T Zr (°C) of ϳ860 Ϯ 17°C when compared to the MELTS results (T°C ϭ 880°C to 970°C) but the MELTS temperature ranges (T°C ϭ 885°C to 935°C) for the Panzhihua and Taihe granites are very similar to the T Zr (°C) calculations (Panzhihua T Zr (°C) ϭ 940°C Ϯ 21; Taihe T Zr (°C) ϭ 897°C Ϯ 14) and match the range estimated by others (2008a, 2008b) for the end of oxide-silicate equilibration in the Panzhihua layered mafic intrusion (ϳ950°C).
differences with other oxide deposits
There are many layered gabbroic intrusions throughout the world that host orthomagmatic Cr-and Fe-Ti-V oxide deposits (Lee, 1996) . Oxide-bearing gabbroic intrusions are often associated spatially and temporally with granitic rocks, but this does not necessarily imply that they are coherent igneous complexes (Weibe, 1996; Bonin, 2007) . The Bushveld (South Africa), Suwalki (Poland), Smålands Taberg (Sweden), Stillwater (USA), Muskox (Canada) and Kiglapait (Canada) intrusions are only a few of the cumulate-rich layered mafic-ultramafic complexes which have Cr-rich or Fe-Ti-rich oxide minerals (Morse, 1969; Irvine, 1977; Speczik and others, 1988; Eales and Cawthorn, 1996; McCallum, 1996; Sandecki, 2000) . If present, the Fe-Ti oxide-rich layers tend to be located in the upper parts of their host intrusions and the petrogenetic link of these intrusions either temporally or spatially associated A-type granitic rocks remains to be confirmed (Bonin, 2007; Pang and others, 2010) . Furthermore, some of the intrusions show evidence of being dynamic open magma systems (for example, the Bushveld Complex) and/or were emplaced at greater depths (for example, Stillwater) than those for the Panxi complexes.
In comparison to other oxide-bearing layered intrusions, the Panxi gabbrogranitoid complexes contain only Fe-Ti oxide deposits in their lower portions and appear to be formed by relatively closed systems (Shellnutt and others, 2009a; . It is not clear if this style of deposit is unique to the Panxi region or if it also exists in other places due to the fact that gabbroic and granitic intrusions are often examined separately in spite of their spatial associations. Given that crystal fractionation is a universal process, it stands to reason that similar magmatic conditions as the Panxi gabbro-granitoid-oxide complexes may be met everywhere, but that does not necessarily mean that such complexes will always form. The magmatic conditions that generated the "Panxi-style" deposits include: shallow emplacement levels (Յ3 km), OIB-like, Fe-rich parental magmas, f O 2 ϭ FMQ Ϯ 1, sufficient time to differentiate and limited country rock interactions. Price and others (1999) have suggested similar conditions for the formation of some A-type granites (for example, high-temperature conditions, shallow-crystallization environments, moderate f O 2 ). The ideal environment for such conditions is an extensional, within-plate setting (Eby, 1990) .
implications of the gabbro-granitic complexes
The important implications from the work compiled from the Panxi gabbrogranitoid complexes are: 1) some peralkaline, silica-saturated, A-type granitoids are derived by shallow level fractional crystallization of mafic magmas under oxidizing or reducing conditions, 2) the formation of "Panxi-type" massive oxide deposits do not appear to require assimilation of crustal material or magmatic fluids to enrich the evolving liquid in metals, 3) "Panxi-type" deposits may be common within continental LIPs provided OIB-like lavas are present and 4) silica saturated peralkaline granitic rocks may be used as indicators for magmatic Fe-Ti oxide deposits.
conclusions
The Taihe layered gabbroic intrusion is one of at least three gabbro-granitoidoxide complexes within the Panxi region of the Emeishan large igneous province. The major and trace elemental data, Sr-Nd isotopic data and zircon Hf isotopic data suggest that the gabbros and granites are genetically related. Mass-balance and geochemical modeling indicate that it is possible to derive the granites by fractional crystallization of a parental magma resembling Emeishan "high-Ti" basalt. MELTS modeling suggests the parental magmatic conditions for the Taihe gabbro-granite complex are: ϳ0.6 kbar, H 2 O Х 0.5 weight percent and f O 2 Х FMQ Ϫ 1. The shallow emplacement depth and lower f O 2 are consistent with the textures and mineralogy of the granites (for example, aenigmatite, Mn-rich ilmenite and perthitic alkali feldspar). The occurrence of at least three Fe-Ti oxide-bearing gabbro-granitoid complexes within the Panxi region suggests that the formation of similar complexes may be common within the Emeishan large igneous province and possibly other large igneous provinces which erupted OIB-like magmas.
